Hox transcription factors play critical roles during early vertebrate development. Previous studies have revealed an overlapping function of Hoxa1 and Hoxb1 during specification of the rhombomeres from which neural crest cells emerge. A recent study on Hoxa1 mutant mice documented its function during cardiovascular development, however, the role of Hoxb1 is still unclear. Here we show using single and compound Hoxa1;Hoxb1 mutant embryos that reduction of Hoxa1 gene dosage in Hoxb1-null genetic background is sufficient to result in abnormal pharyngeal aortic arch (PAA) development and subsequently in great artery defects. Endothelial cells in the 4th PAAs of compound mutant differentiate normally whereas vascular smooth muscle cells of the vessels are absent in the defective PAAs. The importance of Hoxa1 and Hoxb1, and their interaction during specification of cardiac NCCs is demonstrated. Together, our data reveal a critical role for anterior Hox genes during PAA development, providing new mechanistic insights into the etiology of congenital heart defects.
Introduction
Cardiovascular development is a complex and ordered process that is spatially and temporally regulated. This process includes coordinated septation of the outflow tract (OFT) and patterning and remodeling of the pharyngeal arch arteries (PAAs). Hence, any perturbations in this process may result in a spectrum of cardiovascular abnormalities, as reflected by the high incidence of congenital heart diseases observed at birth (1-2% (Hoffman and Kaplan, 2002) ). Malformations of the aortic arch, including interrupted aortic arch type-B (IAA-B), are among the most severe forms of CHD. The cause of these cardiovascular defects is often difficult to determine with certainty, nonetheless, studying factors that control cardiovascular development can help to better understand the etiology of these defects.
In mammals, the pharyngeal arches are transient bilateral bulges that develop in the cranial region of the embryo. Each arch has an external layer of ectoderm and an inner layer of endoderm, and in between these are mesenchymal neural crest-derived cells (NCCs) surrounding a mesodermal core. The heart is connected to the bilateral dorsal aorta by PAAs (Graham and Smith, 2001) . The most cranial PAAs, which contribute to the vascularization of derivatives of the 1st and 2nd pharyngeal arches, largely regress while the caudal PAAs (3rd, 4th and 6th) are extensively remodeled to form the mature asymmetric aortic arch and great arteries. Involvement of the cardiac NCC, a subgroup of NCCs arising from the post-otic hindbrain, in the development of the PAAs and subsequent great arteries, has been well documented by neural crest ablation experiments in chick (Kirby et al., 1983; Kirby and Waldo, 1995; Porras and Brown, 2008) . Cardiac NCCs originate from rhombomeres (r) 6, 7 and 8 and invade the 3rd, 4th and 6th pharyngeal arches to form the vascular smooth muscle layer of the PAA-derived great vessels (see (Kirby, 2007) ). Ablation or genetic deletion of the cardiac NCCs results in vascular malformations, including defective OFT septation and abnormal patterning of the aortic arch arteries and great vessels, indicating that NCCs are crucial for normal development of the PAAs (Jain et al., 2011; Jiang et al., 2002; Kirby et al., 1983) .
Among a variety of signaling molecules and transcription factors, several Hox proteins and co-factors have been described as important for development of the pharyngeal arch arteries. Indeed, Hox genes are involved in hindbrain patterning from which NCCs arise. Recently, Makki and Capecchi (2012) showed that Hoxa1 impacts great artery patterning by controlling the formation of the 4th PAA (Makki and Capecchi, 2012) . The use of several markers of the NCCs demonstrated that Hoxa1 is required to specify NCCs. Interestingly, absence of another Hox gene, Hoxa3, results in anomalies of carotid arteries, deriving from the 3rd PAAs (Chisaka and Capecchi, 1991; Kameda et al., 2003) . The lack of more severe cardiac malformations in Hoxa1 and Hoxa3 mutant mice indicates that functional redundancy may be at play. Interestingly, Soshnikova N et al. recently showed that deletion of either the HoxA or HoxB cluster did not result in a heart defect (Soshnikova et al., 2013) . It was only when both the HoxA and HoxB clusters were deleted together that they observed an aggravated phenotype, where the heart failed to undergo looping. Furthermore, our recent works showed that paralogous Hoxa1 and Hoxb1 genes are expressed in cardiac progenitors contributing to arterial pole of the heart where they play a redundant role for correct OFT development (Bertrand et al., 2011; Roux et al., 2015) .
Previous studies have demonstrated extensive overlapping function between Hoxa1 and Hoxb1 during pre-otic hindbrain specification Rossel and Capecchi, 1999; Studer et al., 1998) . We hypothesized that absence of both Hoxa1 and Hoxb1 genes may also have consequences on the development of PAAs, and subsequent great arteries. In the present study, we examined the possible synergy between Hoxa1 and Hoxb1 during PAA development through the analysis of allelic combinations. A genetic lineage tracing analysis with Hoxa1-enhIII-Cre and Hoxb1
IRES-Cre mice showed that both genes are expressed in cardiac NCC progenitors invading the pharyngeal region. In addition, our work revealed, for the first time, that great artery defects are observed at low penetrance in embryos with loss of Hoxb1 function. The phenotypic manifestations became more severe in the context of the additional inactivation of one Hoxa1 allele, demonstrating that Hoxa1 and Hoxb1 synergize in a dosage-dependent manner during PAA development. Our analysis suggests that abnormal cardiac NCC migration is at the origin of these anomalies. We conclude that Hoxa1 and Hoxb1 have overlap of functions in the patterning of the rhombomeres where cardiac NCCs arise. Hoxa1 and Hoxb1 mutant mice thus provide a model for PAA defects often observed in CHDs.
Results

Hoxa1 and Hoxb1 affect great artery formation
Although Hoxb1 is expressed in the rhombomere (r) 4 and in neural crest structures derived from the 2nd branchial arch, previous studies have not described pharyngeal arch artery (PAA) defects in Hoxb1-null mice (Gaufo et al., 2000; Goddard et al., 1996; Studer et al., 1996) . Our recent analysis of cardiac malformations in Hoxb1 −/− embryos revealed that some mutant embryos had anomalies of the OFT including misalignment and ventricular septal defects (VSD) (Roux et al., 2015) . To determine if the lack of Hoxb1 affects also great artery development we further examined Hoxb1 −/− embryos at fetal stages. All wild-type (WT) embryos (n = 38) had normal great arteries, whereas we found a low penetrance (4%; 1 out of 28) of interruption of the aortic arch type B (IAA-B) in Hoxb1 −/− embryos ( Fig. 1A and B Table S1 ). This observation is consistent with previous studies showing a lethality of Hoxa1
;Hoxb1 −/− mouse embryos Rossel and Capecchi, 1999) . In line with a recent study, 81% of Hoxa1 −/− embryos exhibited anomalies of the great arteries (Table 1) (Makki and Capecchi, 2012) . These defects include IAA-B (10/27; Fig. 1C ), cervical aortic arch (CAA; 7/27; Fig. 1D (22) 37% (10) 26% (7) 15% (4) 18% (5) Hoxa1 +/− ;Hoxb1
11 82% (9) 64% (7) 9% (1) 18% (2) 9% (1)
"Abnormal" corresponds to the total number of embryos with great artery defects. Ab-RSA, aberrant origin of the right subclavian artery including retroesophageal right subclavian artery; CAA, cervical aortic arch; IAA-B, interrupted aortic arch type B; RAA, right side aortic arch; VSD, ventricular septal defect.
( Fig. 1G ; Table 1 ). Indeed, 42% of abnormal Hoxa1
;Hoxb1 −/− embryos were observed instead of 4% in a Hoxb1 −/− background. Our observations revealed that the great artery phenotype of Hoxa1 −/− was greatly exacerbated when one functional allele of Hoxb1 was removed. This combination generated more IAA-B and less CAA than homozygous Hoxa1 mutant alone (Table 1 ). In addition, we observed more IAA-B associated with Ab-RSA in Hoxa1
;Hoxb1 +/− than Hoxa1 −/− embryos (Table 1) . Furthermore, all double homozygous embryos showed IAA-B associated in 67% of case with Ab-RSA ( Fig. 1H ; Table 1 ). These data suggest that Hoxa1 and Hoxb1 have overlapping functions during early development of the great arteries.
2.2. Hoxa1 and Hoxb1 interact in vivo during the development of the 4th PAA
As described above, Hoxa1 and Hoxb1 mutant fetuses displayed great artery defects including Ab-RSA, either alone or combined with IAA-B, suggestive of a failure of the 4th PAAs (Hutson and Kirby, 2007) . In order to analyze PAA development we injected India ink into the heart of compound mutant embryos at E10.5 ( ;Hoxb1 +/− embryos at E10.5 (33% ; Table S2 ) was slightly higher than the percentage of defects found at E17.5 from same genotype (21% ,  Table S2 ). This difference is likely to be due to recovery from arterial growth delay as previously observed for other mutant mice (Lindsay and Baldini, 2001 We next investigated PAA formation defects found in single and compound mutants at the cellular level. We evaluated vascular smooth muscle differentiation by immunohistochemistry using an antibody directed against smooth muscle α-actin (αSMA) in WT and single or compound Hox mutant embryos. At E10.5, the 3rd PAA served as an internal control for αSMA-labeling. Consistent with results obtained from India ink injections, we found that at E10.5 the 4th PAA walls of WT, Hoxb1
+/− and Hoxb1 −/− embryos were SMA positive (Fig. 4A , B, F), whereas Hoxa1
−/− , and compound Hoxa1;Hoxb1 mutant embryos had no αSMA-labeled cells in the walls of the hypoplastic 4th PAA (Fig. 4C,  D, E, G, H) . We conclude that the 4th PAA phenotype observed in these mutant embryos at E10.5 is associated with abnormal differentiation of vascular smooth muscles of the vascular walls. However, the differentiation defect cannot be attributed to absence of endothelial cells since immunohistochemistry with the endothelial marker Pecam demonstrated that these cells were detected in the 4th PAA, although a small vessel lumen was observed ( Fig. 4I-P) .
In conclusion, although loss of Hoxb1 function alone had no apparent effect on 4th PAA development, reduction of Hoxa1 gene dosage uncovered a contribution of Hoxb1 to this PAA and its derived-structures.
Hoxa1 and Hoxb1 are required for cardiac neural crest cell migration
In order to investigate the origin of the 4th PAA abnormalities, we evaluated the contribution of Hoxa1-and Hoxb1-derived cells to the 3rd and 4th-6th PAA. Thus, we performed a lineage-tracing analysis using Hoxa1-enhIII-Cre and Hoxb1 IRES-Cre transgenic and knock-in mice respectively (Arenkiel et al., 2003; Li and Lufkin, 2000) . As previously reported, X-gal staining in Hoxa1-enhIII-Cre;R26R embryos was less intense and robust than in Hoxb1 IRES-Cre ;R26R embryos (Bertrand et al., 2011) . Despite slight differences, both Hoxa1-Cre and Hoxb1-Cre labeled cells were detected in the 3rd and 4th-6th pharyngeal arches of E10.5 Hoxa1-enhIII-Cre;R26R and Hoxb1 IRES-Cre ;R26R embryos respectively ( Fig. 5A-D, asterisks) . Sections revealed X-gal-positive cells in pharyngeal ectoderm and endoderm, as well as mesenchyme NCCs (Fig. 5C,  D) . At E12.5, Hoxa1-Cre and Hoxb1-Cre labeled cells invaded the endocardial cushions of the OFT, suggesting that Hoxa1-and Hoxb1-lineages contribute to cardiac NCCs (Fig. 5E, F) . These results are consistent with a previous work describing expression of Hoxa1 and Hoxb1 in the forming hindbrain of E7.75 embryos (Murphy and Hill, 1991) , where cardiac NCCs arise (Kirby, 2007) , suggesting that both Hoxa1 and Hoxb1 genes are expressed in precursors of cardiac NCCs that contribute to the 3rd and 4th-6th pharyngeal arches and OFT development.
To examine the migration of cardiac NCCs in Hoxa1 and Hoxb1 deficient embryos, we performed whole mount in situ hybridization at E9.5 for Crabp1 and Sox10, markers of migrating NCCs (Kuhlbrodt et al., 1998; Maden et al., 1992) . Two streams of cells were observed in WT, Hoxa1 and Hoxb1 −/− embryos (Fig. 6B, D , H, J), cardiac NCC migration defects were observed as Hoxa1 gene dosage was reduced in the same genetic background (Fig. 6C , E, I, K), consistent with the great artery phenotypes observed at a later stage (Table 1) . Furthermore, the NCC migration defect was more severe when both Hoxa1 and Hoxb1 were absent (Fig. 6F,  L) . We conclude that the removal of at least one functional allele of Hoxa1 from a Hoxb1 −/− background is sufficient to affect the migration of NCCs in the pharyngeal arches, suggesting that loss of Hoxb1 function is rescued by the presence of Hoxa1, as previously described for other tissues.
Previous studies have demonstrated that Hoxa1 and Hoxb1 play critical role in the specification of rhombomeres where NCCs arise (Makki and Capecchi, 2012; Rossel and Capecchi, 1999) . In order to determine whether specification of the neural crest is affected in compound Hoxa1;Hoxb1 mutant embryos, we performed in situ hybridization for Zic1 transcripts a marker of the neural plate border (Aruga, 2004) . We found that Zic1 expression was strongly down-regulated in the posterior hindbrain of Hoxa1 +/− ;Hoxb1 −/− , Hoxa1 −/− ;Hoxb1 +/− and
;Hoxb1 −/− compared to single mutant embryos at E8.5 (Fig.   7) . Interestingly, we found that expression of Krox20, marking r3 and r5, was largely reduced in r5 in Hoxa1 +/− ;Hoxb1 +/− embryos, suggesting an anomaly in the regional identity of the neural crest population (Fig. S2 ). Altogether these data confirm an overlap of functions between Hoxa1 and Hoxb1 during neural crest specification.
Discussion
Overlapping functions of Hoxa1 and Hoxb1 during pharyngeal arch artery and great artery patterning
Our current study extends the role of Hoxa1 and Hoxb1 to events occurring during patterning of the pharyngeal arch arteries (PAAs) and subsequent formation of the great arteries. The development of the 3rd, 4th and 6th PAAs is crucial for great artery patterning. Defective development of the 4th PAAs underlies severe vascular anomalies, such as interrupted aortic arch type B (IAA-B), which is lethal at birth (Plein et al., 2015) . IAA-B defect was identified in a large number of Hoxa1 −/− and compound Hoxa1;Hoxb1 mutant embryos (Table 1 ; (Makki and Capecchi, 2012) ), which was confirmed by 4th PAA anomalies found in corresponding mutant embryos at E10.5 (Table S2 ). Loss of Hoxa1 or Hoxb1 function has different consequence on 4th PAA formation. Indeed, all Hoxa1 −/− embryos showed 4th PAA anomaly, while disruption of Hoxb1 did not, or only slightly, alter the patterning of PAAs, suggesting a major role of Hoxa1 and minor role for Hoxb1 in the formation of the PAAs. However, our cross-breeding experiments showed a synergistic interaction of Hoxa1 and Hoxb1 during PAA development, causing 4th PAA defects in compound Hoxa1;Hoxb1 heterozygous embryos, and significant enhancement of the phenotype by the disruption of one, or two allele(s) of Hoxb1 in the Hoxa1-null background. Strikingly, double Hoxa1
−/−
;Hoxb1 −/− embryos had bilateral defects of the 4th and 6th PAAs, suggesting that the morphology of caudal pharyngeal arches could be abnormal in complete absence of Hoxa1 and Hoxb1. Rossel and Capecchi, (1999) have shown that the 2nd pharyngeal arch is completely missing in Hoxa1 −/− ;Hoxb1 +/− and Hoxa1
;Hoxb1 −/− embryos, and that this defect is associated with the loss of r4 and r5 domains (Rossel and Capecchi, 1999) . Furthermore, the morphology of the 3rd pharyngeal pouch is also perturbed in the double mutant embryos, suggesting a broader disturbance of the arch tissues.
Thus, we cannot exclude that absence of vessels in the 4th and 6th arches was caused by a deficiency in others arch tissues. Our study confirms previous work demonstrating overlap of function between these paralogous Hox genes Rossel and Capecchi, 1999; Roux et al., 2015; Soshnikova et al., 2013) .
Hoxa1 and Hoxb1 are required for cardiac NCC specification
Developmental failure of the 4th PAAs causes great artery defects such as IAA-B and Ab-RSA. Several studies have shown that NCCs contribute to the formation of the 4th PAAs (see (Kirby, 2007) ). Our genetic lineage tracing revealed that Hoxa1 and Hoxb1 genes are expressed in cardiac NCCs that invade the pharyngeal region and subsequently the OFT. Consistently, analysis of NCC markers indicated an abnormal migration of cardiac NCCs in single Hoxa1 mutant as well as in compound Hoxa1;Hoxb1 mutant embryos, suggesting a mis-specification of neural crest in these embryos. In fact, a previous study has reported that Hoxa1 and Hoxb1 are necessary for specification of rhombomeres 3 to 5 (Rossel and Capecchi, 1999) . Interestingly, single Hoxa1-null mutant embryos showed metameric disorganization of the developing hindbrain, while Hoxb1 mutation affected only the fate of neurons within r4 (Carpenter et al., 1993; Goddard et al., 1996; Lufkin et al., 1991; Studer et al., 1996) . Rossel and Capecchi have proposed that the phenotypic differences between Hoxa1
−/− and Hoxb1 −/− embryos are not caused by ;Hoxb1 −/− (P) embryos. Scale bars: 100 μm.
separate protein functions, but rather from differences in the initial expression of these genes (Rossel and Capecchi, 1999) . Indeed, Hoxa1 is expressed first in the prospective r3-r4 boundary, where it participates in the activation of Hoxb1 (Forlani et al., 2003; Goddard et al., 1996; Murphy and Hill, 1991; Studer et al., 1998; Studer et al., 1996) . Interestingly, we identified a down-regulation of Krox20 expression in r5 in compound Hoxa1;Hoxb1 heterozygous embryos, suggesting that reduction of Hoxa1/Hoxb1 function is sufficient to disrupt the specification of the r5. Our analysis of Crabp1 and Sox10 expression revealed abnormal post-otic streams of migrating cardiac NCCs in compound Hoxa1;Hoxb1 embryos, suggesting that more caudal rhombomeres are also altered in this genetic context. Cardiac NCCs are important for great artery patterning but also for proper septation of the OFT (Kirby et al., 1983) . Our recent work has demonstrated that both Hoxa1 and Hoxb1 function are required in the second heart field during heart development (Bertrand et al., 2011; Roux et al., 2015) . Indeed, a low frequency of VSD was observed in Hoxa1-and Hoxb1-null mutants, 11% and 21% respectively. However, our recent work has demonstrated that OFT septation was not altered in Hoxa1 −/− mutant embryos, suggesting uncoupling between PAA patterning and OFT defects. This is supported by experiments in the chick, which has demonstrated that abnormal great artery patterning does not necessarily lead to OFT malformations (Kirby et al., 1997) . Interestingly, immunostaining with AP-2α did not reveal obvious difference in the number of NCCs that invading the OFT of Hoxa1 −/− embryos, suggesting that cardiac NCC populate the pharyngeal region in proximity of the OFT (Roux et al., 2015) . The first NCCs to invade the OFT participate in the formation of the aortico-pulmonary septum, whereas those migrating later contribute to PAA remodeling, in particular to the smooth muscle wall of the arteries themselves (Boot et al., 2003) . However, heterochronic transplantation experiments in this study showed that the late migrating NCCs were not developmentally restricted and in absence of the "early-migrating" cells, they could invade the aortico-pulmonary septum. Thus, surrounding NCCs might compensate for the defect of a specific group of NCCs. We hypothesize that loss of Hoxa1 affects particularly the specification of premigratory cardiac NCCs as its anterior limit of expression reaches the hindbrain at E8, before regressing caudally by E8.5 (Murphy and Hill, 1991) , and that part of Hoxa1-expressing NCCs migrate to caudal pharyngeal arches. Hoxb1 −/− embryos have never been described to have abnormalities in cardiac neural crest-derived tissues (Gaufo et al., 2000; Goddard et al., 1996; Studer et al., 1996) . However, we have observed one Hoxb1 mutant embryo with aortic arch artery defect such as IAA-B (Table 1) , which is characteristic of a developmental failure of the left 4th PAA. Such anomaly could be caused by defects in the pharyngeal surface ectoderm, mesoderm, or endoderm, as well as abnormal NCC migration. The C57Bl/6 background of the Hoxb1 GFP allele used in our study has probably contributed to reveal such phenotype. However, we cannot exclude that the single abnormal embryo observed out of twentyeight embryos was due to this specific background. Hoxb1 −/− embryos did not have abnormal 4th PAAs after ink injection at E10.5 or a cardiac NCC migratory defect, confirming a very low penetrance of this anomaly. A significant fraction of compound Hoxa1;Hoxb1 mutants, on the contrary, show an aortic arch artery phenotype. Interestingly, the severity of aortic arch artery defect is linked to the number of alleles deleted in compound mutant embryos. The percentage of embryos with IAA-B versus CAA is directly correlated with the genotype of compound mutant embryos. Aortic arch artery remodeling has been shown to result from a reduced number of NCCs reaching the 4th PAAs (Calmont et al., 2009) . We provide evidence that migrating streams of cardiac NCCs are disorganized in single Hoxa1 −/− embryos, and that this phenotype is aggravated in the compound mutant embryos. Thus, the absence of Hoxa1 and Hoxb1 in the hindbrain domain leads to a dysregulation of migratory path-finding of cardiac NCCs and probably a reduction of the number of these cells reaching the caudal PAAs, leading to aortic arch artery defects. The migration defect could also be caused by misexpression of factors required during migration of NCCs. Interestingly, Zic1, which is down-regulated in Hoxa1-null embryos (Makki and Capecchi, 2012) , but also in compound Hoxa1;Hoxb1 mutant embryos (Fig. 7) , was shown to interact with Gbx2, a factor required in the pharyngeal surface ectoderm for the migration of the cardiac NCCs (Calmont et al., 2009; Li et al., 2009) . In summary, our data suggest that both Hoxa1 and Hoxb1 genes are important for PAA formation through their influence on cardiac NCCs, providing a model to study the molecular origin of great artery defects often observed in human patients. 
Material and Methods
Mice
All mouse experiments were done under protocols approved by the "comité d'éthique pour l'expérimentation animale" (Marseille ethical committee, Protocol N°32-08102012). The null alleles of Hoxa1 neo and Hoxb1 GFP (hereafter referred to as Hoxa1 − and Hoxb1 − ) have been already described (Gaufo et al., 2000; Lufkin et al., 1991) . To avoid strain background effects, we used mice crossed onto the C57BL/6 background. Double heterozygous Hoxa1 (Table S1 ). Hoxb1 IRES-Cre knockin mouse line, and Hoxa1-enhIII-Cre and Rosa26 LacZ (R26R) transgenic lines have been previously described (Arenkiel et al., 2003; Li and Lufkin, 2000; Soriano, 1999) . Mice were genotyped by PCR and embryos staged taking the morning of the vaginal plug as embryonic day E0.5.
RNA in situ hybridization and X-gal staining
To visualize β-galactosidase activity, embryos or hearts were isolated, fixed in 4% paraformaldehyde for 20 min and placed in X-gal solution, according to standard procedures. Embryos or hearts were photographed (Zeiss Axiozoom) as whole-mount specimens and then embedded in paraffin and cut at 8 μm per tissue sections before being counterstained with eosin.
Whole-mount in situ hybridization (ISH) was performed as previously described (Ryckebusch et al., 2010) . The following riboprobes used in this study were Crabp1, Krox20, Sox10, and Zic1. For ISH, hybridization signals were then detected by alkaline phosphatase (AP)-conjugated anti-DIG antibodies (1/2000; Roche), which were followed by color development with NBT/BCIP (magenta) substrate (Promega). After staining, the samples were washed in PBS and post-fixed. Embryos were photographed using a Zeiss Axiozoom coupled to an Axiocam digital camera (AxioVision 4.4, Zeiss). The number of embryos examined was at least 3 for each genotype.
Ink injections
For India ink injection, embryos were collected at E10.5 and injected intracardially using drawn Pasteur pipettes. Seventy-six embryos resulting from intercrosses between double heterozygous Hoxa1 +/− ;Hoxb1 +/− mice were scored. Injected embryos were subsequently fixed in PBS-buffered 4% paraformaldehyde. PAA anatomy was analyzed by visual inspection after clearing with PBS. In some cases, embryos were processed for immunohistochemistry after ink injection.
Immunohistochemistry
Standard immunohistochemistry procedures were used as previously described (Roux et al., 2015) . Whole-mount specimens were embedded in OCT and cut at 12 μm per tissue section. α-SMA (1:500, Sigma), CD31 (PECAM) (1:100, Pharmingen), immunohistochemistry were performed using 4% paraformaldehyde fixed tissue and Alexa fluorescent-conjugated antibodies (Life Technologies) were used at 1:500. The number of embryos examined was at least 3 for each genotype. 
